HoHoodL

L1H0Doin Do
JUUbdoo
Loooobbbogiio
JUnibbbbiogiguan
LOoDigiguitgubo
NN

gopoiidogono

0 A
R 0 W
8 T
00 A A
I 0 0 0
I T O
R 0 0
R N I
000000000 0000 0ooooion0bbnooonor 0blnobooao
A

T
0T
0 A A A A A W M M W m{
0 A A W W R R M W
0 T R W M W N WA
000000m0ooomNIEoo0Dono000no000DorD o Oi0momio
1000O0ar 0000000000 o0b00ID 0o DI omoomoa
000I0Ioo000tno0oo00noooItoomoConobororooomoon

I L A M M W W R
0 A W W
0 A M Y
0 0
T

N O A M
nooIDomtoomoomioiaorIoooibionnotbobonoooo
N [ Wy R A
O0O0mooioooibooCItooboi Do omooooooomobonninon
10I000000moo0IDIbOmImoibooo

0000000 0oitooooo 000000 Do0oeD fo 100000Ibn0 oo ooo
(0000000 DOoomioool Lol Coootinon 1 0oO00 Dooinboom boobaoo
(000000 000000 0000 0o 00000000l ib 00t o0mo Do O onnooa
0000 DI0CoOn 000000 boooboooD BOD bom Looo0 Dooo0o0oo00D ooo00an
O A A W W

00I0000m00o0

0ooooo

0000000 IO 00000 000000000000 0 00000000010000
0000000oonoo 0odr 0o0to 0o0 Donooo0o D0Con inooo0o 00000 oo
100mo0000IDoImoIni D 000omo0Itn0b0i0DonminDorC 000
o0iooobomoooeoooOnn

] 00 A A

O 0
0U00onoiooomrOommbooo

1 0 0 A W R MW W M
0 A A A
00In0000000It0II000m0oeoo0mo0rtob O 0o onoooiono
A A W A
(00000 0000800000000 biooo00T j00o fh0oen0on 0ootn Coooooient
000000000000 00000 01001 00000 01 00000000000000000
0 0 o
O A N W R U W
0jtbooiboiintr o O0ool bhootoooo0o oo oib oo oot ooon
O 0 A
ooioiooo

00 0T A
T M {m  { W
O o T
1 0 A A
0
1 0T

8 o A
Oooooooo

R o A A A MWW W RA{N (RN
0
(000NDoBm It bIDO00I 00O 0001 0o0o00om 000000000 0oL
00000 O00I0I0gIC0ooCinIIomoooonoCoIotnNoOomI0emnon
00000000N0aN 0000 bo0IbO0IbO0o 000 bUnioooo O o0o oo oo
(000NO00I0m0000C0om0IooioC0on0noInID Brbomoenomor
(0000C00Ooomo000

000! 00000ononobm o oboo O bOOIobooCool boooon
00000000 0000000 bioomor 0o boitool booor tioomoomooo o
8
0 R M R A A
T O A A M R W
A T
1 T T
0t T
(00000000DitC0mon bl Dotrboo0I Coooo oIt om0 O om0 ol 000
O O A
MR Ry A W [

00 T A WA A R W W W
0Ioo0oIDomOooomooonoImnIooIroNoDconNooloItmb oo
] 1
0I0000000IIo 0000000000000 ooCCmooIonoDC0in00Io0on:
0 0 R
0 A A A A A M MWW
0oo0ID oD 00000 D0bmon 0o0bo00b00l 0000mnIooIon0oo
0 A A

0oo



poooog

00000I0On 0oio0it 0onoeom
0o00ooroooonooobIbor oo

00000010 0o0n00omo00000000000000000 Mmooooo

Table 1. All possible codons which could be generated by the experimental protocol™™ (AA = Amino

Acid).
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Table 2. Functional alternatives within a 7-residue portion of lambda-repressor protein. Number of amino acid (AA) differences

from the wild type sequence. Mutants are shown in grey shade.
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Table 3. Overview of results reported.™ I0000oo0n
Experiment No. 1 2 3 e
- - - 0000000 ooooooo
No of amino acids varied 3 4 3 0000000 0000000
No. of alternative sequences possible 80,000 160,000 8,000 000 0000 000 0oooo
No. of mutants generated [ 20,000 40,000 15,000 00ooo0ooTibooor
- - 00o00omoonOnoo
No. of mutants which survived 266 92 36 OO0
Mutants sequenced 102 30 35 00000000 000000 o
Extrapolated active + fully functional sequences 1.7% 0.6% 0.4% 1oodro tooo aooao
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Table 4. All acceptable alternatives found (Abstracted from
Table 3).

1-AA Mutants
Leu-18 Leu-57 Leu-35
A I F
C M M
M P \
\% \% A
I C C
F S
T
2-AA Mutants
Leu-18 & Leu-13 & Leu 57 &
Leu-57 Leu-65 Leu 65
AM VF
VF
VI
3-AA Mutants
Leu-18 &
Leu-57 &
Leu 65
AMI
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Figure 1. Average number of random trials needed to generate unique sets of
three codons.’ 15,000 trials generate about 12,035 different sets; 326,843 trials

would be needed to generate all (32) possibilities.
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Figure 2. Feasible evolutionary paths for Experiment 3.’ Alternatives
were identiyed as being at least partially functional in a laboratory
setting.
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Table 5. Partitioning of possible mutants in categories according to number of codons available per amino acid at the three residue positions

in Experiment 3.1

No. of codon sequences No. of amino acid sequences
Coding Patternt in the pattern 2 in the pattern
Calculation No. Calculation ©! No.
{3:3;3} 1X[(9)7] 729 1X[(3)7] 27
{3:3;2} 3x[(9%)(10)] 810 3X[(3)4(5)] 135
{3:3:1} 3x[(9?)(12)] 972 3x[(3)%(12)] 324
{3;2;2} 3x[(9%)(10)?] 900 3X[(3)(5)7] 225
{3;2;1} 6x[(9)(10)(12)] 1080 6x[(3)(5)(12)] 1080
{2:2:2} 1x[(10)3] 1000 1x[(5)?] 125
{2;2;1} 3x[(10)%(12)] 1200 3x[(5)4(12)] 900
{3:1;1} 3x[(9)(12)] 1296 3x[(3)(12)3] 1296
{2:1:1} 3x[(10)(12)7] 1440 3x[(5)(12)7] 2160
{1;1;1} 1x[(12)3] 1728 1x[(12)?] 1728
w/o Stop 297916
Stop (32)%-(31)3= 2977
Total:® 32768 Total: 8000
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Table 6. Number of codons able to generate mutant proteins differing by 0 to 3 amino acids (AA) from the wild type sequence.

No. of AA differences | Max. No. of different Unique AA | Calc. No. different Functional mutants
from wild typel codons AAR per unique AA Reported | Extrapolated®!
codon®! generated”
0 278 1 0.037037 1w 0 108
1 7561 57 0.075397 20.9 18 49
2 7,056 1083 0.153486 397.8 4 11
3 21,9520 6859 0.312454 2519.4 1 3
Stop 2,977010 126100 0.423581 470.2
Total 32,76812 Total: 1.00 3408.3
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Table 7. Number of mutant amino acid (AA) sequences predicted by context independence and those experimentally found. Results from

Experiment 3.

i Experiment results Assuming contact
Differences Sequences P independence
from wild possible onctional 5 ”
typel unctiona’ roportion 1 Number Proportion!!
sequences? | functional®

0 AA 1

1AA 570 18 3.16 x 10 188 3.16 x 10

2AA 1083 4 3.69 x 103 10719 9.88 x 102

3AA 68591 1 1.50 x 10 21000 3.06 x 102

Sum: 8000
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Table 8. All acceptable alternative found from Experiment 1.1 V=Val; M=Met;

Number of Amino Acid (AA) differences from wild type sequence.
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Figure 3. Number of random trials needed to generate j distinct
codon sets.
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1. Ubiquitin protein consists of 76 amino acids. It is part of a process to
degrade proteins which are misfolded or contain abnormal amino acids,
in a proteasome (which consists of a large number of different proteins).
Additionally, three enzymes are necessary to attach ubiquitin molecules
to a lysine side chain of the protein to be broken down (Lodish et al., Ref.
3, pp. 67, 504; Alberts et al., Ref. 4, p. 219). Yeast and human ubiquitin
differ at only 3 of 76 residues (Alberts et al., Ref. 4, p. 942).
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